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We present distinctive signatures of flipped F- Theory models with TeV-scale vector-like particles, 
a = 7 TeV 1 fb~^ test at LHC of a class of models well-motivated from string theory. The 
characteristic feature is a light stop and gluino, both sparticles lighter than all other squarks. This 
unique aspect of the supersymmetry spectrum generates an ultra-high multiplicity of hadronic jets. 
We find the optimal signal to background ratio is realized for 9 or more jets. Exclusion of the 
essential cuts presented here could leave the ultra-high jet signal severely attenuated and concealed. 
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Introduction —The Large Hadron Collider (LHC) at 
CERN has been accumulating data from ^/s = 7 TeV 
proton-proton collisions since March 2010. It is expected 
to reach an integrated luminosity of 1 fb""'^ by the end 
of 2011, all in search of new physics beyond the Stan- 
dard Model (SM). Supersymmetry (SUSY), which pro- 
vides a natural solution to the gauge hierarchy problem, 
is the most promising extension of the SM. Data corre- 
sponding to a limited 35 pb^^ has already established 
new constraints on the viable parameter space [J Q 
due to the unprecedented center of mass collision en- 
ergy. The search strategy for SUSY signals in early LHC 
data has been actively and eagerly studied by quite a few 
groups (3|, with particular focus on the parameter space 
featuring a traditional mass relationship between squarks 
and the gluino, such as a gluino heavier than all squarks 
or a gluino lighter than all squarks. 

A question of great interest is whether there exist 
SUSY models which are well motivated by a fundamental 
theory such as string theory, which can be tested in the 
initial LHC run, permitting a probe of the UV physics 
close to the Planck scale. In this Letter we present such a 
model. It is well known that the supersymmetric flipped 
SU{5) X U {l)x models can solve the doublet-triplet split- 
ting problem elegantly via the missing partner mecha- 
nism [4]. To realize the string scale gauge coupling uni- 
fication, two of us (TL and DVN) with Jiang proposed 
the testable flipped SU{5) x U{l)x models with TeV- 
scale vector- like particles where such models can be 
realized in the J^-ree J^-ermionic string constructions 
and J^-theory model building [tI, dubbed T-SU{5). In 
particular, we find the generic phenomenological conse- 
quences are quite interesting 0, II] . 

In Grand Unified Theories (GUTs) with gravity me- 
diated supersymmetry breaking, also known as the 
mSUGRA model, the supersymmetry breaking soft terms 



can be parameterized by four universal parameters: the 
gaugino mass M1/2, scalar mass Mq, trilinear soft term A, 
and the ratio of Higgs vacuum expectation values tan /3 
at low energy, plus the sign of the Higgs bilinear mass 
term /x. The fi term and its bilinear soft term are 
determined by the Z-boson mass Mz and tan /3 after 
the electroweak (EW) symmetry breaking. To address 
the cosmological flatness problem, No-Scale supergravity 
has been proposed The simplest No-Scale bound- 
ary conditions Mq = A = = are automati cally 
obtained from the simple Kahler potential given in [lO|, 
while Ml/2 > is allowed and indeed required for SUSY 
breaking. However, historically this appealing reduction- 
ist perspective has been challenged by a basic inconsis- 
tency of the AI{) = condition applied at a traditional 
GUT scale around 10^^ GeV with precision phenomenol- 
ogy 

Recently, with No-Scale boundary conditions at the F- 
SU{b) unification scale, we described an extraordinarily 
constrained "golden point" [l^ and "golden strip" [ll| 
that satisfied all the latest experimental constraints and 
has an imminently observable proton decay rate [s*]. In 
addition, exploiting a "Super-No-Scale" condition, we 
dynamically determined M1/2 and tan/3. Since M1/2 is 
related to the modulus field of the internal space in string 
models, we stabilized the modulus dynamically 12l |13|. 
We discovered that the viable parameter space of J-"- 
SU (5) is quite narrow due to the stringent constraint 
from the B^ — condition. In the simplest No-Scale su- 
pergravity, all the SUSY breaking soft terms arise from a 
single parameter therefore, the spectra in the en- 

tire "golden strip" are very similar up to a small rescal- 
ing on Ml/2^ with equivalent sparticle branching ratios, 
hence leaving invariant most of the "internal" physical 
properties, where this rescaling ability on M1/2 is not 
apparent in alternative SUSY models. For our analy- 
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sis here, we use a vector-like particle mass of My ~ 1000 
GeV, which exists in the viable parameter space; We em- 
phasize that this is not an arbitrary choice ll|, though 
these vector-like particles could be too heavy for obser- 
vation in the early LHC run. Interestingly, the one-loop 
beta function for the SU{2i)c gauge symmetry is zero due 
to the extra vector-like particle contributions and 
consequently, the gluino is lighter than all the squarks 
except the light stop. Furthermore, the gluino mass is 
about 600 GeV, so we can definitely test the No-Scale 
J--SU{5) model at the early LHC run. 

In this analysis, we obey the strictest bottom-up phe- 
nomenological constraints and non-trivial consistency 
with equally strict top-down dynamical considerations, 
and arrive ultimately at distinctive collider level signa- 
tures, including a proposal for modest alterations to the 
canonical background selection cut strategy expected to 
yield significantly enhanced resolution of the character- 
istic ultra-high jet multiplicity J^-SU{5) events. It is 
imperative we note that an ultra-high jet signal could 
be obscured by data selection cuts designed for low- 
multiplicity jet events. Therefore, we suggest that dili- 
gence against the cloaking of a prospective SUSY signal 
within the data collection already underway calls for at- 
tention to a broader range of anticipated spectra and cut 
selection criteria. 

Benchmark Point — To test our model, we present a 
No-Scale F-SU (5) benchmark point in TablelD The opti- 
mized signatures presented here offer an alluring testing 
vehicle for the stringy origin of F-SU{b). This point is 
representative of the entire highly constrained F-SU{b) 
viable parameter space. The SUSY breaking parameters 
for this point slightly differ from previous J--SU{5) stud- 



incoming beam to the desired range of hard scattering 
intermediate states, we have used the program MadGraph 



ies IC 



Ti|,[il insomuch as more precise numerical cal- 
culations have been incorporated into our baseline algo- 
rithm. The masses shift a few GeV from the spectra given 
in previous works, but we believe this to be a more ac- 
curate representation of an F-SU (5) spectrum, although 
the branching ratios and decay modes of the spectrum in 
Table |I] in this work and the spectra in [l^, [HI, E^l are 
identical, so the physical properties are consistent before 
and after code improvements. Thus, the signatures stud- 
ied here will be common to the spectrum in this work as 
well as the spectra in previous papers. 



TABLE I: Spectrum (in GeV) for M^a = 410 GeV, Mv = 
1 TeV, mt = 174.2 GeV, tan/3 
the lightest neutralino is 99.8% bino. 
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14| . These diagrams were subsequently fed into 



LHC Search — For the initial phase of generation 
of the low order Feynman diagrams which may link the 



14l | for appropriate kinematic scaling to yield 
batches of Monte Carlo simulated parton level scattering 
events. The cascaded fragmentation and hadronization of 
these events into final state showers of photons, leptons, 
and mixed jets has been handled by PYTHIA [15^, with 
PGS4 [l^l simulating the physical detector environment. 
We implement MLM matching to preclude double count- 
ing of final states, and use the CTEQ6L1 parton distri- 
bution functions to generate the SM background. All 
2-body SUSY processes are simulated. The b-jet tagging 
algorithm in PGS4 is adjusted to update the b-tagging 
efficiency to ^60%. We veto an event if any of the fol- 
lowing conditions are met: px < 100 GeV for the two 
leading jets; pr < 350 GeV for all jets; pseudorapidity 
I77I > 2 for the leading jet; missing energy ^ < 150 GeV; 
isolated photon with pT > 25 GeV; or isolated electron or 
muon with px > 10 GeV. Likewise, we discard any single 
jet with 1 77 1 > 3. These cuts are quite standard, but alone 
they are insufficient to reveal the ultra-high multiplicity 
jet event signature; We must also investigate the event 
cut on the number of jets and the pt cut on a single jet 
to preserve ultra-high jet events. 

The detector simulations use the spectrum for the J-- 
SU (5) point in Table [D The most significant asset of 
the spectrum for our analysis is the relationship between 
the stop, gluino, and other squarks. The distinctive mass 
pattern of mj < rUg < rriq is the smoking gun signature 
and possibly a unique characteristic of only T-SU{5). To 
gain a comparison of the model studied here with more 
standardized SUSY models, we examine the ten "Snow- 
mass Points and Slopes" (SPS) benchmark points fl^ 
for suitable samples. We find that none of the ten SPS 
benchmarks support the m^- < m-g < rriq mass pattern. 
This critical element is indicative of how unique the J-- 
SU{b) signal could be. Previous minimal supersymmet- 
ric SM studies focused on signals from a low-multiplicity 
of jets, whereas the aforementioned mass pattern is ex- 
pected to show a very high-multiplicity of jets. For the 
SPS benchmarks, we only consider those spectra not light 
enough to have been excluded by the initial phase of LHC 
data, or those not too heavy for first year LHC produc- 
tion. A few points satisfy these criteria, though we select 
only one since we anticipate the corollary points to ex- 
hibit analogous characteristics. For our analysis here, we 
use the SPS SP3 benchmark. 

Considering the large number of hadronic jets we are 
examining for our signatures, there is little intrusion from 
SM background processes after post-processingcuts. We 
examine the background processes studied in [3|, ll8| and 
our conclusion is that only the tt -I- jets possesses the 
requisite minimum cross-section and sufficient number 
of jets to intrude upon the F-SU{h) signatures. Pro- 
cesses with a higher multiplicity of top quarks can gen- 
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CMS Cuts (arXiv:1101.1628 [hep-ex]) Single Jet > 20 GeV Single Jet p^ > 10 GeV 




2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 2 3 4 5 6 7 8 9 10 1 1 12 13 14 15 16 



Number of Jets / Event 



FIG. 1: Distribution of events per number of jets. For clarity of the peaks, polynomials have been fitted over the histograms. 



erate events with a large number of jets, however, the 
cross-sections are sufficiently suppressed to be negligible, 
bearing in mind the large number of ultra-high jet events 
which our model will generate. The same is true for 
those more complicated background processes involving 
combinations of top quarks, jets, and one or more vec- 
tor bosons, where the production counts for 1 fb^^ of 
luminosity are again sufficiently small. Furthermore, we 
neglect the QCD 2,3,4 jets, one or more vector bosons, 
and bb processes since none of these can sufficiently pro- 
duce events with 9 or more jets after post-processing cuts 
have been applied. 

The J--SU{5) with vector-like particles mass pattern 
produces events with a high multiplicity of virtual stops, 
which concludes in events with a very large number of 
jets through the dominant chains g ii< — ?> tixi 
W+W-bbxl and g ^ ht btxt ~> W~bbT^Vr ~> 
W'bbr^iyrXiJ as well as the conjugate processes g 
tit — ^ ttxi and g — > Zii — 7> btxi , where the W bosons will 
produce mostly hadronic jets and some leptons. Addi- 
tionally, the heavy squarks will produce gluinos by means 
of q ^ qg. In Fig. [T] we plot the number of jets per 
event versus the number of events for three distinct sce- 
narios. We suppress the noise on the histogram contour 
to admit a more lucid distinction of the peaks in the 
number of jets, and fit polynomials over the data points 
and conceal the histograms. This allows us to gauge an 
appropriate selection cut for the number of jets to max- 
imize our signal to background ratio, while assessing the 
impact of the selection cuts implemented by the CMS 
Collaboration in [l], [l^ • As depicted in Fig. [U the first 
pane displays a comparison of the number of jets when 
employing the prior CMS cuts, while the remaining two 
panes present the results for the post-processing selection 
cuts defined in this paper, discriminating between two 



explicit cuts of the minimum px for a single jet. Fig. [T] 
demonstrates that the CMS cuts of P, [l^ discard all the 
high-multiplicity jets, converting the events with at least 
9 jets to events with few jets, thus, all information on 
these events with a large number of jets is lost. To retain 
the events with a high multiplicity of jets, we explore al- 
ternative cuts by shifting the minimum pT for a single 
jet lower to the two cases of 10 GeV and 20 GeV. A min- 
imum jet pt of 20 GeV is secure from interfering with jet 
fragmentation, which typically occurs in the realm be- 
low 10 GeV, indicating that 10 GeV is certainly fringe. 
We see in Fig. [1] that both the 10 GeV and 20 GeV jet 
Pt cuts preserve the high number of jets, permitting an 
obvious choice for location of the cut on the minimum 
number of jets. We thus adopt a revised cut of single jet 
Pt > 20 GeV and total number of jets greater than 9. 
To assess the discovery potential, we plot the number of 
events per 200 GeV versus iJr, where Ht = J2^=i ^t ■ 
Fig. [2] delineates the convincing separation between the 
F-SU{^) signal and the SM tt + jets and the SP3 point. 
The total number of events are summarized in Table |lll 
We also include one measure of discovery threshold that 
compares the number of signal events S to the number of 
background events B, where we require > 5. Notice 
that J^-SU{5) comfortably surpasses this requirement. 

TABLE II: Total number of events for 1 fb'^ and ^ = 7 
TeV. Minimum pr for a single jet is pr > 20 GeV. 
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The spectrum of Table U exceeds the LEP constraints 
on the lightest neutralino Xi a-^^d lightest stau ri, and 
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FIG. 2: Counts for events with > 9 jets. 



even more tantalizing, the close proximity of the stau 
mass beyond the LEP reach suggests imminent discov- 
ery at LHC. The stau presence can be reconstructed, for 
instance, from the dominant T-SU{5) process g — > tii 
bixt — ^ W~bbTiVr W~bbT~^i'rXi- The inference of 
the short-lived stau in the J^-SU{5) SUSY breaking sce- 
nario from tau production assumes fruition of the ex- 
pected much improved tau detection efficiency at LHC. 

Conclusion —The LHC era has long been anticipated 
for the expected revelations of physics beyond the Stan- 
dard Model, as the quest for experimental evidence and 
insight into the structure of the underlying theory at high 
energies is enticingly close at hand. Consequently, the 
field of prospective supersymmetry models has grown as 
fingerprints of these models at LHC are studied. Never- 
theless, our exploration of recently published signatures 
for supersymmetry discovery reveals a common focus to- 
ward low-multiplicity jet events. However, we showed 
here that manipulation of LHC data skewed toward these 
low jet events could mask an authentic supersymmetry 
signal. We offer a clear and convincing ultra-high jet 
multiplicity signal for events with at least nine jets, un- 
mistakable from the Standard Model or minimal super- 
gravity. Notably, our optimized post-processing selection 
cuts outlined here are essential for discovery of supersym- 
metry if the J--SU (5) is indeed a physical model. Our 
revised cuts are not drastic, with the two chief adjust- 
ments being lowering the minimum px for a single jet to 
20 GeV, and raising the minimum number of jets in an 
event to nine. Recognition of such a signal of stringy ori- 
gin at LHC could reveal not just the fiipped nature of the 



high-energy theory, but also shed light on the geometry 
of the hidden compactified six-dimensional manifold in 
the string derived models. Thus, the stakes could not be 
higher or the revelations more profound. 
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